(NRPE) and phosphatidylethanolamine (PE) from the interior of the outer segment discs to the cytosol after photobleaching of the opsins during the phototransduction cascade [5] [6] [7] . Failure of this clearing process eventually leads to accumulation of lipofuscine fluorophores, for example, N-retinylidene-N-retinylethanolamine (A2E), in RPE cells [7] [8] [9] and over time to RPE cell death and secondary loss of photoreceptors [7, 10] . Some authors [11] [12] [13] also have suggested that direct photoreceptor cell death may precede the pathological process in the RPE.
The severity of ABCA4-associated retinal degenerations can vary considerably. The most common variant is Stargardt disease (STGD) typically starting in late childhood or the early teens causing juvenile onset macular degeneration with reduced visual acuity (VA), central scotomas, and photophobia [14] [15] [16] [17] . Fundus examination can be quite normal in the beginning of the course of the disease, but over time, symmetric, bilateral, atrophic changes in the RPE and orange-yellow spots in the macular region and midperiphery are encountered [14] . Mutations in ABCA4 also can be associated with cone-rod dystrophy (CRD) [18] [19] [20] [21] , an even more severe type of retinal degeneration with a more aggressively progressive course, initially engaging cones leading to reduction of VA, reduced color vision, and central, as well as paracentral, scotomas. Over time, rods also degenerate with night blindness and peripheral visual field constriction as a result. Fundus changes might be less typical with unspecific pigmentations in the macula and in the midperiphery [21, 22] . More seldom, mutations in ABCA4 cause autosomal recessive retinitis pigmentosa (arRP) [19, 22, 23] with early symptoms of reduced night vision and peripheral visual field constriction followed by reduced VA, central scotoma, photophobia, and reduced color vision. In some cases, fundus changes are typical for RP with a pale optic disc, attenuated retinal vessels, and peripheral bone spicule-like pigmentations, but sometimes, merely unspecific atrophy is found [24] . At the moment, around 1,000 mutations, possibly or definitely [25] , causing retinal degeneration have been identified in the ABCA4 gene. Due to the many possible combinations of mutations, it is difficult to predict the type of retinal degeneration from the mutations only, although many attempts have been made to correlate the severity of disease to the estimated effect of individual mutations on gene transcription and translation of the ABCA4 protein [26] [27] [28] [29] .
Concerning STGD and CRD, differentiating between these two entities can be hard in the beginning of the course of the disease, because both conditions start with similar symptoms of reduced VA and central scotoma, although CRD is a more progressive disorder leading to more severe visual handicaps in the long run. Thus, the final visual outcome for the individual patient can be different, and parameters that can help in making a correct prognosis are very welcome. Therefore, in this survey, we wanted to study patients with genetically defined ABCA4-associated retinal degenerations with different degrees of visual field defects to investigate differences in retinal morphology, as well as electrophysiological parameters reflecting retinal function.
METHODS

Subjects:
At the start of the study, all (n=37) patients with confirmed homozygous or compound heterozygous mutations in ABCA4 that were identified in our RP register at the Department of Ophthalmology, Skåne University Hospital, Lund, Sweden were invited to participate. 34 patients (20 women and 14 men) previously diagnosed with either STGD or CRD consented to take part. Two patients with CRD, according to the records, declined to participate, and another patient with CRD could not be reached. The mean age of the participants was 34 years (range: 10-71 years). The patients were further subdivided into three groups based on the most recent results of their Goldmann visual fields. Group 1 included ten patients aged 18-71 years (mean 37.5) with only small central scotomas within 10°. Group 2 included 19 patients aged 10-61 (mean 29) that had larger scotomas from 10° to 35°, and group 3 comprised five patients aged 23-70 years (mean 43) with widely aberrant visual fields with merely some peripheral temporal crescent-formed residuals left. Demographic data for the patients are presented in Table  1 , and typical examples of the visual fields are shown in Figure 1 . Short descriptions of the distribution of visual field defects are given in Appendix 1. The study was conducted in accordance with the Tenets of the Declaration of Helsinki and adhered to the ARVO statement on human subjects. All subjects gave their written consent to participate in the study that was approved by the Ethical Committee for Medical Research at Lund University.
Control groups:
For comparison of the full-field electroretinography (ffERG) parameters, a control group consisting of 46 healthy persons aged 10-62 years (mean 35 years) was used. Another control group of 44 healthy persons aged 10-64 years (mean 37 years) was employed to compare the multifocal electroretinography (mERG) data.
Ophthalmological examination and genetic analysis: Bestcorrected monocular Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity (VA) was tested at 1, 2, or 4 m, and the ETDRS visual acuity score was calculated for each eye. Moreover, Goldmann perimetry was performed using standardized objects V4e and I4e. In some patients, 04e, 03e, 02e, and 01e were also tested. Fundus photographs including red-free photographs, color photographs, and fundus autofluorescence (FAF) images were captured with a Topcon TRC 50DX fundus camera (Topcon, Inc., Oakland, NJ). For the AF images, the field of view was 50 × 50°, and Spaide filters (Topcon, Inc.) with an excitation wavelength of 530-580 nm and a barrier filter of 600-720 nm were used. All patients also had detailed fundus and slit-lamp examinations.
Sequence analysis of the entire coding region of the ABCA4 gene was performed at Asper Biotech (Asper Ophthalmics, Tartu, Estonia). Statistical analysis: All statistical calculations were made in SPSS 22 (IBM SPSS Statistics, IBM Corporation, Chicago, IL). A p value of less than 0.05 was considered statistically significant. To compare the ffERG and mERG parameters between the three visual field groups, the Kruskal-Wallis test was used. To compare the ffERG and mERG parameters in the separate visual field groups to the normal material, the Mann-Whitney U-test was applied. Nonparametric tests were used because the groups were small, and ERG parameters can have a slightly skewed distribution.
Full-field electroretinography:
FfERGs were collected with an Espion E 2 analysis system (Diagnosys, Lowell, MA). Full-field electroretinograms were recorded according to the standardized protocol for clinical electroretinography recommended by the International Society for Clinical Electrophysiology of Vision (ISCEV) [30, 31] . A Burian-Allen bipolar ERG contact lens electrode (Hansen Ophthalmic Development Lab, Coralville, IA) was used, and measurements were finished after 40 min of dark adaptation with maximally dilated pupils (cyclopentolate 1% and phenylephrine hydrochloride 10%). To ensure reproducibility, the recordings were repeated for all stimulus intensities until two successive identical curves were obtained. In 23 of the patients, older ffERG registrations were also reviewed. They were collected with a Nicolet Viking analysis system (Nicolet Biomedical Instruments, Madison, WI) using the same standards and settings.
Multifocal electroretinography: The Visual Evoked Response Imaging System (VERIS Science 6; EDI, San Mateo, CA) was used to record the mERGs. Settings that adhere to the ISCEV guidelines [30] were applied using a stimulus matrix consisting of 103 hexagons scaled with eccentricity to produce equal amplitudes of the responses all over the matrix. Hexagons independently altered between white and black according to a pseudorandom binary m-sequence at 75 Hz. Recordings were registered with a Burian-Allen bipolar ERG contact lens electrode. Pupils were maximally dilated with cyclopentolate 1% and phenylephrine chloride 10%. Proper central fixation was monitored with an infrared (IR) eye camera mounted in the mERG equipment, and the investigator continuously checked that the patient kept on fixating centrally. The first-order component of the mERG was analyzed regarding the amplitude (A) and the implicit time (IT) of the first positive peak (P1) within the five concentric rings (A 1-5 and IT 1-5) around the fovea. Ring 1, the innermost ring, represents the summed responses from the center and the first ring. The summed amplitudes and the implicit times of the mERG rings were also registered.
Optical coherence tomography:
A spectral domain-based optical coherence tomography (OCT) Topcon 3D OCT-1000 (Topcon, Inc., Paramus, NJ) was used to capture threedimensional (3D) OCT scans with a scan size of 6 × 6 mm and a scan density of 512 × 128. The internal fixation target (preset for macular imaging) was applied. Macular thickness was measured using the standard retinal thickness map of the OCT software (version 3.51 or 8.11). The map was composed of three concentric circles with diameters 1, 3, and 6 mm, respectively. The two outer circles were subdivided into four segments each, corresponding to the superior, nasal, inferior, and temporal segments. In this study, the segments were designated as follows (Appendix 1): central circle; segment 1, inner superior segment; 2, inner temporal segment; 3, inner inferior segment; 4, inner nasal segment; 5, outer superior segment; 6, outer temporal segment; 7, outer inferior segment; 8 and outer nasal segment; 9. For each segment of the retinal map, the mean retinal thickness, from the RPE to the inner limiting membrane (ILM), was measured. The mean thickness of each segment was also automatically compared to age-matched normative data, and deviant results were indicated. Retinal thickness was considered pathologically attenuated when values below the fifth percentile of the normative data were found. Similarly, the retina was considered pathologically thickened if values beyond the 95th percentile were encountered. Cross-sectional macular morphology was also studied on B-scan images.
RESULTS
Ophthalmological examination: Demographic data, original diagnosis, mutations in ABCA4, the ETDRS VA score, and electrophysiological data are presented in Table 1 . A separate description of the distribution of the visual field defects and the OCT findings are shown in Appendix 1. All patients had abnormal fundus examinations showing subtle (pigmentary irregularity in the macular region) to extensive retinal changes (pale optic discs, narrowed retinal vessels, atrophies, deep yellowish flecks, and pigmentations). In group 1, eight of the patients had macular pigmentary changes only, while two patients (1 and 7) also had deep yellow flecks, either in the posterior pole (7) or in the posterior pole and beyond the vascular arcades (1). In group 2, all patients had extensive atrophies in the posterior pole. In addition, three patients (11, 24, and 27) had central and peripheral yellow flecks, and ten patients (12, 15, 16, 18, 20, 21, 23, 25, 26 , and 28) demonstrated peripheral and sometimes also central (15, 16 , and 18) pigmentations. In group 3, four patients (30) (31) (32) (33) displayed marked atrophy in the macular region and bone corpuscle pigmentations within and outside the vascular Autofluorescence images: We have complete AF data sets in eight of ten patients in group 1, 15 of 19 in group 2, and four of five in group 3. The findings showed a range of AF patterns comparable to those found by Sodi et al. [32] with the main focus on the following features: flecks with high or low AF, multiple foci of diffuse AF or multiple confluent foci of reduced AF in the macula, absence of AF within the macula, macular changes surrounded by a ring of high AF, and peripapillary sparing. Loss of peripapillary sparing was defined as the presence of any changes in the background AF, lower or higher values, in the peripapillary retina.
In group 1, seven out of eight patients with AF images presented with small areas of absent AF in the macular region, indicating macular atrophy, confirmed with the color fundus photographs and OCT. One patient (10) showed no absence but multiple foci of reduced AF in the macular region. A complete ring of high AF surrounding the macular changes was seen in three patients with low and high AF changes limited to the posterior pole (3, 9, and 10). All patients had flecks with high and low intensity of AF in the posterior pole, some even beyond. Of the latter were two patients (1 and 2) with a great number of flecks beyond the retinal vascular arcades. All patients showed peripapillary sparing.
Group 2 showed a wider range of phenotypes with AF changes somewhat in between groups 1 and 3. Five patients (12, 15, 16, 17, and 25) had developed large areas of absence of AF in the macula whereas three patients (11, 26, and 27) showed small lesions. In general, these areas were larger than in group 1. The majority of patients demonstrated multiple confluent loci of reduced AF at the posterior pole, with one exception (17) . In contrast to group 1, group 2 presented with predominantly flecks of low AF. Eight of 15 patients (11, 12, 13, 15, 18, 21, 24, and 28) had no peripapillary sparing, five patients (16, 20, 23, 25 , and 27) presented with few peripapillary changes, and two patients (17 and 26) with peripapillary sparing.
In group 3, all but one patient (30) showed huge areas with a total absence of AF reaching beyond the posterior pole, even nasally, without peripapillary sparing. Moreover, the patients often presented flecks with high and low values of AF in the midperiphery. Examples of AF images from one patient of each group are presented in Figure 3 .
Full-field electroretinography:
The Kruskal-Wallis test showed statistically significant differences in the ffERG results between the three groups concerning the isolated rod b-wave amplitude, combined rod-cone a-wave amplitude, combined rod-cone b-wave amplitude, isolated cone 30 Hz flicker amplitude, and isolated cone 30 Hz flicker implicit time (p<0.0001 for all parameters in the right and left eyes). Group 1 demonstrated the highest amplitudes and the shortest implicit times, while group 2 showed the second highest amplitudes and the second shortest implicit times, and group 3 the lowest amplitudes and the longest implicit times (see Table 2 for the means and standard deviations (SDs)). The ffERG data for each group were also compared to the ffERG data for the control group (the Mann-Whitney U-test). For group 1, no statistically significant differences were found (p>0.05 for all parameters). For groups 2 and 3, the isolated rod b-wave amplitude was statistically significantly reduced (p<0.0001), as well as the combined rod-cone a-and b-wave amplitudes and the cone 30 Hz flicker amplitude (p<0.0001 for all parameters). Moreover, the cone 30 Hz flicker implicit time was statistically significantly delayed for both groups (p<0.0001).
23 of the patients had undergone ffERG measurements 2-24 years before the current registrations (five patients in group 1, 14 patients in group 2, and four patients in group 3). The 30 Hz flicker implicit times for these initial ffERG measurements were also compared to the normal material (the Mann-Whitney U-test) showing significantly delayed cone 30 Hz flicker implicit times in groups 2 and 3 at the first ffERG registration (group 2; p= 0.009 RE, p<0.0001 LE, group 3; p=0.001 RE and LE). In group 1, no statistically significant changes in the cone 30 Hz flicker implicit times were found (p>0.05) when the results at the first visit were compared to the normal material. The means and standard deviations for the 30 Hz cone flicker implicit times of each group at the first visit (1-3) are shown in Table 2 .
Multifocal electroretinography: The Kruskal-Wallis test revealed statistically significant differences in the mERG amplitudes among the three groups concerning all rings (1-5) in both eyes. Group 1 demonstrated the highest amplitudes for all rings in both eyes. Group 2 showed the second highest amplitudes for all rings but rings 2 and 3 in the right eye for which the amplitude was lower than for group 3. Correspondingly, group 3 demonstrated the lowest amplitudes for all rings but rings 2 and 3 in the right eye for which the amplitudes were the second highest. (See Table 3 for the p values of the Kruskal-Wallis test, as well as for the means and standard deviations of the mERG amplitudes in the patients and controls.) The mERG data for each group were also compared to the mERG results for the control group (the Mann-Whitney U-test), and statistically significantly reduced mERG amplitudes for all rings were observed in all groups and in both eyes except group 1, ring 5 left eye. P values for individual groups and rings are shown in Table 4 .
Optical coherence tomography:
OCT scans were captured in all patients but one (14) , and retinal attenuation of some degree was found in all patients (Appendix 1). In group 1, good-quality OCT scans were recorded in 18 eyes. Only two eyes of two different patients (2 and 3; two out of 18 eyes, 11%) showed normal retinal thickness in the most central segment. For the other eyes (16 out of 18 eyes, 89%), at least the five most central segments (1-5) or more were attenuated. In two eyes (two out of 18, 11%) of two separate patients (2 and 5), all segments (1-9) were attenuated. No case of macular thickening was found. On the OCT B-scans, the photoreceptor integrity line (PIL), corresponding to the junction of the inner and outer segments of the photoreceptors, showed pathological changes in all patients. The most common alteration was a loss of PIL in the macular region (patients 1, 3-7, 9, and 10). Moreover, the PIL was totally absent in one patient (2), and a defect in a patchy pattern in the center of the macula was observed in another (8) . Examples of PIL disturbances are shown in Figure 4 . In group 2, OCT scans were recorded in 30 eyes (Appendix 1). Normal thickness of the most central segment was demonstrated in ten out of 30 eyes (33%) in eight patients (13, 18-20, 22-24, and 27) . In those eyes, at least five, and often more, other segments were attenuated. For the remaining eyes that were measured (20 out of 30, 67%), at least segments 1-5 were attenuated. Fourteen out Amp=amplitude, RE=right eye, LE=left eye, IT=implicit time, first time=first ffERG measurement in the patients that had a previous ffERG registration (1) (2) (3) (4) (5) (6) (7) (8) (9) . Increased thickness in one peripheral segment was found in two eyes out of 30 (6.7%; patient 18, left eye, and patient 29, right eye). All patients but one (19) in group 2 demonstrated total absence of the PIL on the OCT B-scans ( Figure  4) . In patient 19, the PIL was missing in the macular region. In group 3, OCT scans were recorded in nine eyes. Eight of these eyes (89%; patients 30 and 32-34) showed macular thinning in at least segments 1-5, and six of the eyes (67%) showed attenuation in all nine segments. One eye of patient 31 demonstrated normal thickness in the central segment but thinning in the other segments (2-9). In group 3, the OCT B-scans showed total absence of PIL in all patients (Figure 4 ).
DISCUSSION
Since mutations in ABCA4 are associated with such a wide spectrum of retinal degenerations from more localized STGD to widespread disorders, such as CRD and arRP, making a proper prognosis of visual outcome for the separate patient at the first visit is difficult but important. Therefore, in this study, we wanted to investigate the role of various electrophysiological parameters, as well as different imaging techniques and the presence of certain mutations in ABCA4, in the evaluation of the visual function in patients with ABCA4-associated retinal degenerations.
Comparison of ffERG results between the groups and to a normal material significantly demonstrated that small scotomas (group 1) are associated with normal ffERG parameters, while larger scotomas (group 2) and more extensive visual field defects that also restrict the peripheral fields (group 3) are gradually related to reduced ffERG amplitudes and with delayed ffERG cone 30 Hz flicker implicit times. The worse the visual fields were restricted, the more the amplitudes were reduced, and the implicit times were delayed. These results corroborate previous reports on ffERG in ABCA4-associated retinal degenerations demonstrating normal ffERG in STGD [33, 34] , and gradually impaired ffERG parameters in CRD [21, 34, 35] and arRP [14, 34, 35] . Concerning implicit times, a further comparison of this parameter obtained at the first visit was made to the normal material and showed that already early in the course of the disease, the implicit times were significantly prolonged in groups 2 and 3, but normal in group 1, indicating that the finding of prolonged implicit time might be used as a predictor of progressive ABCA4-associated retinal degenerations. Delayed ERG implicit times have been noted as an indicator of progressive conditions previously but most often in RP [36] [37] [38] [39] . Only a few studies have described the same phenomenon in ABCA4-associated retinal degenerations [11, 40, 41] . Therefore, the present confirming survey might be of value with outcomes in line with Fakin et al. [11] showing longer implicit times in patients with progressive ABCA4-associated retinal degeneration compared to patients with a more stationary course of disease.
Compared to the normal material, mERG amplitudes were reduced for all groups, and significant differences in mERG amplitudes were also found between the groups. In general, group 1 with small scotomas demonstrated the least reduced amplitudes, and group 3 with widely constricted visual fields demonstrated the most reduced mERG amplitudes. Changes in the retinal structure correlated well with alterations in retinal function. OCT images of group 1 showed PIL changes limited to the central macular area corresponding to electrophysiological results with normal ffERG parameters but reduced mERGs, while groups 2 and 3, with reduced ffERG parameters in addition to more widely reduced mERGs, demonstrated extensive changes in the PIL engaging the entire field of view of the OCT also beyond the macula with visibly worse changes in group 3.
Defect PILs (IS/OS junctions) have been described in ABCA4-associated retinal degenerations previously [11, 12, 33, [42] [43] [44] , and in some cases, the severity of ffERG and OCT changes also has shown a correlation [11, 44] as in the present study. Moreover, the OCT B-scans revealed retinal attenuation in most cases, but with no typical difference between the groups, perhaps because measurement of retinal thickness with comparison to the normal database is less precise in patients with reduced VA and bad fixation. In Figure 4 . OCT images of one representative patient from each group. A: Loss of the photoreceptor integrity line (PIL; indicated by the white brace) in the macular region in patient 10 from group 1. The PIL corresponds to the junction of the inner and outer segments of the photoreceptors. The same pattern was encountered in all but two patients in group 1. One of those two patients showed more extensive PIL loss, and the other had better preserved but disorganized PIL. B: Representative total PIL loss and RPE atrophy in patient 24 from group 2. All but one patient in group 2 showed the same optical coherence tomography (OCT) changes. Patient 19 had a defect PIL in the center but a preserved PIL beyond this. C: Patient 30 from group 3 also shows total PIL loss and extensive RPE atrophy as observed in the other patients in group 3. line with this, Testa et al. [44] showed that there is no correlation between the severity of IS/OS junctional abnormalities and retinal thickness in patients with STGD.
In addition, the AF images showed gradually more extensive changes with increasing visual field defects and more serious ERG changes. In group 1, the general AF pattern encompassed a small central area with decreased or irregular AF surrounded by a ring of increased AF with variable intensity. This agrees with findings in patients with STGD [12] and in patients with mutations in ABCA4 that are considered to be mild and associated with normal ffERG [43] . In group 2, the central area of reduced or absent AF was generally larger and surrounded by widespread mottling or flecks of increased and reduced AF also corroborating the AF pattern in patients with abnormal ffERG and intermediate mutations in ABCA4 reported by Fakin et al. [43] . Group 3 demonstrated large central foci of absent AF, as well as widespread confluent, rounded areas of reduced or absent AF around the vascular arcades and in the far periphery as previously described in patients with abnormal ffERG and null-like mutations in ABCA4 [43] .
Several surveys have proposed a correlation between residual ABCA4 protein activity due to the type of mutation in ABCA4 (null mutations, splicing mutations, point mutations, etc.) and the severity of retinal degeneration [11, 19, 22, 27, 28, 43] , while others have opposed this hypothesis [26, 29, 45] . Fakin et al. [43] presented data showing that among 15 mutations in ABCA4 combined with a known null mutation, two mutations were consistently associated with normal ffERG parameters, six were regularly associated with pathological ffERG parameters while the remaining seven mutations in ABCA4 appeared with normal and abnormal ffERG results, highlighting the difficulty of predicting retinal function from separate mutations and combinations of mutations. In the present study, a similar phenomenon was encountered with the same mutations in ABCA4 (e.g., c.768 G>T, c.2894 A>G, c.1331 C>T, c.5882 G>A, and c.1622 T>C) represented in all, or at least two different, visual field groups, although we were not able to standardize the mutation in ABCA4 on the other allele in the same stringent way.
To our knowledge, this is the largest presentation of patients with ABCA4-associated retinal degenerations in Sweden to date. Among those patients, most patients (24/34, 71%) showed visual field defects larger than 10° indicating that mutations in ABCA4 in the Swedish population lead to progressive forms of ABCA4-associated retinal degenerations in quite a large proportion of the cases. Some mutations were found more often: c.768 G >T 11 times in nine patients, c.2894 A>G six times in five patients, c.3113 C>T in five patients, and c.5882 G>A in five patients (Table 1) . Homozygous mutations were most common in group 3 (3/5, 60% of the patients) compared to 2/10 (20%) in group 1 and 3/19 (16%) in group 2 leading to the suggestion that homozygous mutations might lead to more severe forms of retinal degenerations.
To conclude, assessment of retinal function with fullfield and multifocal ERG, as well as investigation of the retinal structure with OCT and FAF, is valuable in the evaluation of patients with ABCA4-associated retinal degenerations showing corresponding and gradually more extensive changes for all modalities along with more advanced visual field defects. Additionally, in this study, normal implicit time was associated with stationary disease entities, such as STGD, while delayed ffERG implicit times, both at first visit and on follow-up, were found in the groups with the most extensive scotomas and peripheral visual field constriction indicating that prolonged implicit time might be an indicator of progressive disease. Thus, ffERG flicker implicit time might be used to predict visual outcome in ABCA4 retinal degeneration in the beginning of the course of the disease before other signs of severe disease are apparent.
APPENDIX 1. DEMOGRAPHIC DATA, A BRIEF SUMMARY OF THE GOLDMANN VISUAL FIELDS, AND OCT FINDINGS.
To access the data, click or select the words "Appendix 1" hom = homozygous, RE = right eye, LE = left eye, PIL = photoreceptor integrity line, temp = temporal, nas = nasal, inf = inferior, sup = superior, N = not performed
